A disturbance accommodating controller (DAC) to reject wind speed perturbations is applied on a 5MW wind turbine mounted on a tension leg platform (TLP). Multi-blade coordinate (MBC) transformation is used to address the periodicity of the floating wind turbine system. A method to apply DAC after applying MBC transformation is developed and several implementation options are presented. Simulations were carried out to assess the fatigue loads of the system in accordance with IEC61400-3 standard design load case 1.2; however simulations were restricted to region 3 analysis due to the lack of region transition logic currently implemented for the DAC. A gain scheduled PI (GSPI) controller is used as a baseline/reference controller to compare the performance of the DAC. Simulation results show that the DAC significantly improves power and speed regulation, reduces tower fatigue loads, and maintains the fatigue loads of the blades and the shaft to a comparable level to the baseline controller applied on the TLP. This improvement is due to the use of individual blade pitching and rejecting wind speed variations. Relative to an onshore wind turbine with a GSPI controller, the DAC reduces tower side-side fatigue load and maintains the blade and shaft loads to a comparable level. Tower fore aft fatigue loads remain higher by 27% (instead of 45% increase by the baseline controller on the TLP).
A disturbance accommodating controller (DAC) to reject wind speed perturbations is applied on a 5MW wind turbine mounted on a tension leg platform (TLP). Multi-blade coordinate (MBC) transformation is used to address the periodicity of the floating wind turbine system. A method to apply DAC after applying MBC transformation is developed and several implementation options are presented. Simulations were carried out to assess the fatigue loads of the system in accordance with IEC61400-3 standard design load case 1.2; however simulations were restricted to region 3 analysis due to the lack of region transition logic currently implemented for the DAC. A gain scheduled PI (GSPI) controller is used as a baseline/reference controller to compare the performance of the DAC. Simulation results show that the DAC significantly improves power and speed regulation, reduces tower fatigue loads, and maintains the fatigue loads of the blades and the shaft to a comparable level to the baseline controller applied on the TLP. This improvement is due to the use of individual blade pitching and rejecting wind speed variations. Relative to an onshore wind turbine with a GSPI controller, the DAC reduces tower side-side fatigue load and maintains the blade and shaft loads to a comparable level. Tower fore aft fatigue loads remain higher by 27% (instead of 45% increase by the baseline controller on the TLP).
Nomenclature
A (ψ) = periodic state matrix A = augmented and azimuth averaged state matrix B (ψ) = periodic actuator gain matrix B = augmented and azimuth averaged actuator gain matrix B d (ψ) = periodic disturbance gain matrix C (ψ) = a periodic matrix that relates the measurements, y, to the states, x C = augmented and azimuth averaged C matrix D (ψ) = a periodic matrix that relates the measurements, y, to the control inputs, u G d = disturbance minimization gain matrix H = wave height K, K nr = state regulation gain matrix in the mixed and non-rotating (denoted by nr ) frames of reference K e = disturbance estimator gain matrix T = wave period T c (ψ) = control input u transformation matrix T d (ψ) = augmented states vector, w, transformation matrix T Gen = applied generator torque T o (ψ) = output measurements y transformation matrix T s (ψ)
= state x transformation matrix X nr = an entity X transformed to the non-rotating frame of reference u = control inputs vector O ffshore wind resources are, in general, better than onshore wind; 1-3 offshore wind is stronger and less turbulent. However, most of the offshore wind energy potential lies in water deeper than 30m. 4 Current offshore wind farms have fixed foundations and therefore the deeper the water gets the more costly it becomes to construct wind farms further offshore. For water deeper than 60m, the most feasible option is to have a floating wind turbine. 3, 5 There are three main floating wind turbine concepts. Each concept uses a different principle to achieve stability. The three floating concepts (shown in Figure 1 ) are: a ballast stabilized spar-buoy, a mooring line stabilized Tension Leg Platform (TLP), and a buoyancy stabilized barge platform. Of course, each concept has its advantages and limitations. Early comparisons of all three platforms used simple static or dynamic models that usually excluded the effect of the control system. Control of floating wind turbines is a relatively new area of research. Nielsen et al., 3 working on a spar-buoy floating concept, developed an active control strategy to avoid structural resonance. That control strategy took into account the fact that as wind speed increases, the thrust force decreases which may cause negative damping of platform pitch motion in the above rated wind speed region. The controller introduced by Nielsen et al. achieved satisfactory results in reducing platform resonant motions in region 3 -above rated wind speed -in simulation and scale model testing. Continuing on the work done by Nielsen et al., 3 Skaare et al. 11 developed an estimator based controller to avoid resonant pitch motions of the turbine and improve fatigue life. This controller was compared to a standard onshore controller applied to an offshore floating system. Results showed improvements in tower and blade fatigue life but power output was reduced.
Larsen and Hansen, 12 using the same spar-buoy concept in refs. 3 and 11, used a Proportional-Integral (PI) torque controller and a gain scheduled PI pitch controller. This controller was designed to limit the use of the blade pitch due to the effect of negative damping in the platform pitch motion caused by the low natural frequencies of the floating structure. This resulted in improved damping but increased rotor speed and power variations even when a constant torque algorithm was applied.
Jonkman 13 implemented several control strategies involving a torque controller with constant power algorithm and gain scheduled PI blade pitch controller for a 5MW wind turbine on a barge platform. Two of these strategies (tower top feedback and pitch to stall regulation) were not capable of reducing the pitching motion of the barge platform. The third and final strategy of detuning the speed controller gains produced the best reduction in platform pitching. Further reduction in platform pitching motion was deemed necessary by Jonkman. However, there was a limit to the improvement in performance from detuning controller gains as it approached open loop control.
Working on a TLP, Matha 14 performed extensive loads analysis using the same gain-scheduled PI controller implemented on the barge by Jonkman. 15 Matha found that motions of the TLP were not as significant as the barge and hence the turbine loads were closer to the onshore wind turbine subjected to the same wind conditions using the same controller. However, the turbine loads such as the tower fore-aft bending loads become more significant with increasing wind speed due to platform pitching motion and therefore has to be reduced. Platform pitching also affects the tension in the mooring lines. Excessive pitching can lead to one of the mooring lines becoming slack which could then fail when it subjected to sudden tension.
In our previous work, 16, 17 we have shown, in our simulations, that a multi-objective controller that utilizes individual blade pitching applied on the barge floating concept was able to achieve sizable reductions in platform motions and tower loads while maintaining or improving power and rotor speed regulation. However, this reduction came with the cost of increased blade pitch actuation and hence blade flapping loads.
The objective of this paper is to investigate to what extent can a control system influence the motion and loads of the tension leg platform concept under normal operating conditions. Extreme events simulations are outside the scope of this paper as the blade pitch controller is usually shutdown (blades are feathered). Individual blade pitch state space control, using multi-blade coordinate transformation, is implemented to facilitate asymmetric loading on the turbine. The system performance is compared to an onshore system in terms of fatigue loads, power, and speed regulation.
The 5MW wind turbine model and the properties of the TLP are discussed in section II. Benefits and methods to achieve individual blade pitching with an emphasis on a particular method (multi-blade coordinate transformation) are discussed in section III. Disturbance accommodating control and a method to implement it after applying the multi-blade coordinate transformation are given in section IV. Section V includes a brief descritpoin of the implemented controllers with results presented in section VI. Finally conclusions are drawn in section VII.
II. The Wind Turbine and Floating Platform Model
In this study the same wind turbine developed by Jonkman 13 and used by Matha 14 is used. The wind turbine is a fictitious 5MW machine with its properties based on a collection of existing wind turbines of similar rating; the model is commonly known as the "NREL Offshore 5-MW Baseline Wind Turbine". The wind turbine has three blades that are 61.5m long. The TLP floating system is the same used by Matha.
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The TLP is a cylindrical platform with four 27m spokes for the mooring lines. Further model details are listed in Table 1 .
III. Individual Blade Pitching
There are many ways to achieve Individual Blade Pitch (IBP) control depending on the control objectives. Multi-blade coordinate (MBC) transformation can be used to facilitate individual blade pitching.
18-20 MBC transformation captures periodic properties of a system in a linear time-invariant (LTI) model -useful for control design. Although MBC transformation does not capture all the periodic effects, it has been shown that the residual periodic effects are negligible for analysis and control design for three bladed wind turbines. 19 Bossanyi 21 implemented IBP control using PI controllers to mitigate blade loads. He used a direct and quadrature (d-q) axis representation (a form of MBC) to be able to allow for MIMO control using PI controllers. Wright 22 achieved IBP control using disturbance accommodating control. He used an internal model for the wind disturbance and the effect of wind shear to drive the individual blade pitching. This method uses IBP to only reject wind disturbance; states are regulated using collective blade pitch. Another form of IBP is to use direct periodic control. Periodic control allows the controller gains to change depending on the rotor azimuth position and control objectives. 23, 24 Periodic control captures all the periodicity of the system. Stol et al. 19 showed that there were no noticeable differences between the performance of controllers designed after MBC transformation and controllers with direct periodic control. Therefore, state space control designed after applying MBC transformation is used to achieve individual blade pitching without the extra complexity of implementing a direct periodic controller.
Individual blade pitching can be used to create asymmetric aerodynamic loads that mitigate platform motions. 17, 25 The IBP controller can command each blade differently changing the thrust and torque created by each blade such that a restoring moment is created by the rotor. For example, to restore platform pitch when the turbine is pitching forward, the blade(s) at the top half of the rotor will be commanded to increase thrust while blade(s) at the bottom half of the rotor will be commanded to reduce thrust. This creates a backwards pitch restoring moment thus allowing for reduction in platform pitching with minimal change the total rotor thrust.
A. Multi-Blade Coordinate Transformation
Wind turbine systems are usually modeled with Degrees of Freedom (DOFs) in the fixed and rotating frames of reference. Therefore, the effects of the DOFs in the rotating frame of reference (e.g. blades) on those in the fixed frame of reference (such as the tower) will be periodic. MBC transformation is used to transform the DOFs that are in the rotating frame of reference to the fixed frame of reference.
18 For a three bladed wind turbine, transforming any three DOFs in the rotating frame of reference will result in three DOFs in the fixed frame of reference that describe the effect of the whole rotor on the turbine system. These three transformed DOFs are often termed collective, cosine-cyclic, and sine-cyclic components.
For a linearized representation of a wind turbine about an operating point, the state space model is given by Eq. 1
‡ where x is the state vector, u is the control input vector, u d is the disturbance input vector, y is the measurement vector, A (ψ) is the periodic state matrix, B (ψ) is the periodic actuator gain matrix, B d (ψ) is the periodic disturbance gain matrix, C (ψ) relates the measurements to the states, and D (ψ) relates the measurements to the control inputs. The state vector x in Eq. 1 contains states that are both in the fixed ‡ The ∆ symbol that indicates perturbation about the operating point is omitted for brevity and clarity. and rotating frames of reference.ẋ
MBC transformation of Eq. 1 yields a state space model whose states are all in the non-rotating/fixed frame of reference as shown in Eq. 2 where the subscript nr indicates the transformed entity into the nonrotating frame of reference. This transformation is achieved by applying Eqs. 3 -5. Note that the disturbance vector u d is assumed to have no inputs in the rotating frame of reference and hence the vector itself is not transformed. The new transformed matrices A nr , B nr , B d,nr , C nr , and D nr and the transformation matrices T c (ψ), and T o (ψ) are omitted for brevity and can be found in ref. 18 . T s (ψ) is defined by Eq. 6 where Ω is the rotor speed. Matrices T 1 (ψ) and T 2 (ψ) are omitted for brevity and can be found in ref. 18 .
The transformed system in Eq. 2 is not time invariant; it is still slightly periodic. 18 Strictly speaking, periodic analysis should follow the transformation but Stol et al. 19 found that by averaging the transformed matrices (A nr , B nr , B d,nr , C nr , and D nr ), little information is lost and hence time invariant control design can be used without performance loss. Therefore,with a controller designed by averaging the system matrices after applying MBC transformation, the commanded actuator effort, u nr , will be time invariant. However, individual blade pitching is achieved when this command is transformed back to the rotating frame of reference 19 by expanding Eq. 4 into Eq. 7 where T Gen is the applied generator torque, and θ n is the commanded blade pitch angle for blade n. Equation 7 clearly shows that even if the controller commands are time invariant in the non-rotating frame of reference, the actual blade commands are periodic resulting in individual blade pitching.
IV. Disturbance Accommodating Control
In this section, we explore implementing disturbance accommodating control (DAC) for periodic systems after applying MBC transformation. DAC theory is summarized below.
A. Disturbance Accommodating Control Summary
Disturbance accommodating control (DAC) is used to minimize or cancel the effects of persistent disturbances u d that affect a dynamic system given by Eq. 1. A realisable DAC, where direct measurement of the disturbance is not possible, requires a disturbance estimator to estimate the applied disturbance to the system and correct for that. 22, 26 The disturbance estimator requires a disturbance waveform model given by equation Eq. 8 where z is the disturbance waveform states vector. The choice of matrices F , Θ, and initial conditions z (0) determines the nature of the assumed waveform (step, ramp, periodic, etc.).
Usually a disturbance estimator is required to obtain an estimate of the disturbance states using system measurements y (based on the waveform model -Eq. 8). The disturbance estimator is given by Eq. 9 where w = x z and K e is the estimator gain. The augmented matrices A, B, and C are defined by Eqs. 10, 11, and 12 respectively.ŵ
The realizable disturbance rejection control law is given by Eq. 13 where K is the state regulation gain matrix and G d is the disturbance minimization gain matrix. G d is calculated by evaluating Eq. 14 where the resulting gain will minimize or completely cancel the persistent disturbance. The + symbol indicates the application of the Moore-Penrose pseudoinverse.
B. DAC After MBC Transformation
After applying MBC transformation on a periodic system, DAC design becomes time invariant. The DAC law in the non-rotating frame becomes Eq. 15 and the DAC gain is found by solving Eq. 16.
The DAC law is in the non-rotating frame and therefore blade pitch commands have to be transformed back to the mixed frame using Eq. 4. Equation 17 shows the DAC law transformed into the mixed frame of reference which results in periodic gain matrices where K mbc (ψ) and G d,mbc (ψ) are the periodic state regulation and periodic disturbance minimization gain matrices respectively as a result of MBC transformation.
As discussed earlier, a disturbance estimator is usually required since direct measurement of the disturbance states is rarely possible. Similar to the time-invariant DAC design, we form the augmented states
Since the actuator commands and the measurements are in the mixed frame of reference, we transform the input and measurement vectors into the non-rotating frame and combine the two vectors into one for easier implementation. The result is given by Eq. 24.
C. Implementation
Usually, the actual system model is nonlinear and therefore the state space models used only describe perturbations about an operating point. The implementations described below account for the linearization of the controller. There are two implementation options for DAC after MBC. The first option, illustrated in Fig. 2 , uses Eq. 15 instead of Eq. 17 since the output of the disturbance estimator is already in the nonrotating frame. The controller commands are then transformed into the mixed frame by applying Eq. 4.
In the second option, Eq. 17 can still be applied. For this option to work, the disturbance estimator outputŵ nr must be transformed back into the mixed frame using Eq. 19 before the control law is applied. This implementation is shown in Fig. 3 . Implementation option 1 is preferred as it requires periodic gain calculations only for two matrices (E (ψ) and T c (ψ)) whereas option 2 requires periodic gain calculations for four matrices (E (ψ), K lqr (ψ), G d,mbc (ψ) and T d (ψ)).
Another variant of implementation option 1 is to avoid the redundant transformation of ∆u nr to ∆u and then back to ∆u nr . This is achieved by rewriting Eq. 20 into Eq. 25 where ∆u nr comes directly from the controller output and ∆y nr is the only input that is transformed to the non-rotating frame. In block diagram, this is shown in Fig. 4 . Note that the disturbance estimator now includes matrix E nr instead of the identity matrix in the previous two implementation options. This option does not require the computation of the T −1 c (ψ) matrix which was part of the E (ψ) matrix given by Eq. 24. 
Unfortunately, this option cannot be implemented if actuator saturation limits exist because the limits cannot be transformed to the non-rotating frame. Furthermore, this setup cannot be used if the actuator dynamics are sufficiently slow. Otherwise, if the controller output in the non-rotating frame is passed directly to the disturbance estimator, it could lead to wrong estimates as the passed input does not match the actual input to the plant.
D. Collective Blade Pitch Drift
One limitation of DAC applied to wind turbine systems exist; collective blade pitch drifting.
27 Assuming a linear wind turbine system, the collective blade pitch commanded by the feed-forward action of the DAC to reject wind disturbances and maintain steady state is a linear function of the wind speed described by Eq. 26 where u op is the actuators' collective operating point. However, the collective blade pitch required to keep the floating wind turbine in steady state as the wind speed varies is a nonlinear function of wind Figure 4 . Alternative implementation of option 1 (Fig. 2) speed as shown in Fig. 5 . With steady state conditions, the DAC will force the collective blade pitch away from the optimum angle as the turbine operates away from the linearization point. This will force the state regulation part of the controller to work harder and eventually reach this optimum blade angle. The solution to this problem is given in Ref. 27 . The solution is to limit the DAC to only command the periodic perturbations while having a nonlinear blade pitch operating point as a function of wind speed that follows the optimum trajectory. For MBC transformed systems, u nr is given by Eq. 27 where θ o , θ c , θ s are the collective, cosine-cyclic, and sine-cyclic blade pitch commands respectively. Therefore, the solution can be easily implemented by just zeroing the gains in the disturbance minimization gain, G d,nr , that correspond to θ o . 27) V. Implemented Controllers
In this study, we implemented two controllers on the TLP: a gain scheduled PI (GSPI) controller -or commonly referred to as the Baseline controller -and a disturbance accommodating controller.
A. Gain Scheduled PI Controller
The GSPI controller in this study will be used as the baseline controller for comparison. The Baseline controller is the best controller developed by Jonkman in his preliminary study to reduce platform pitch motion for the barge floating system; 15 the detuned GSPI controller. It consists of two independent controllers; a generator torque controller and a gains scheduled collective blade pitch controller. This controller is also used by Matha.
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The relationship between the generator torque and generator speed is region dependent. In region 3 where the objective is to regulate power to the rated, the applied generator torque is inversely proportional to the generator speed.
28
The gain scheduled PI controller commands the collective blade pitch to regulate rotor speed to the rated. The controller gains are scheduled as a function of blade pitch to account for the change in turbine sensitivity at different wind speeds.
15 This is a form of nonlinear control.
B. The Disturbance Accommodating Controller
The DAC is designed to reject wind disturbances using the theory described in Section IV B; wave disturbance rejection is yet to be investigated. To reiterate, MBC transformation is applied to the linearized periodic state space model and followed by disturbance accommodating control design techniques. The DAC was designed based on a 6 DOFs linearized state space model around 18 m/s wind speed. These DOFs include: Platform roll, pitch, and yaw, first tower side-side bending mode, rotor DOF, and drive train twist. These DOFs were chosen to improve turbine performance, maintain stability, and resolve coupling in certain directions caused by the individual blade pitching of the controller. An example of such coupling can be found in Ref. 25 where the individual blade pitching mechanism for platform pitch regulation resulted in platform roll excitation. However, unlike the barge concept, platform roll remained stable for the TLP concept.
The DAC is implemented using implementation option 1 (as shown in Fig. 2 ) since actuator saturation limits exist. However, the state regulation part of the DAC is implemented with full state feedback (FSFB). That is, all the 12 design states are being directly measured and being directly fed to the state regulator. Therefore, the control law becomes Eq. 28.
The state regulation part of the DAC is implemented in FSFB because the selected design states can be easily measured by readily available sensors. Furthermore, improvement in sensor measurement quality means that they can be used directly without significantly affecting the dynamic response of the system. This means that signal processing (e.g. filtering) dynamics are becoming faster and embedded within the sensor unit. Therefore, a state estimator is not necessary for state regulation. However, for disturbance rejection, an estimate of the wind speed is required. Therefore, the implemented disturbance estimator is only used to obtain wind speed estimates ∆ẑ.
VI. Simulation Results
In this section we present the simulation results for the implemented controllers. The results of the DAC are compared to the TLP Baseline controller as well as on the Baseline controller on an onshore system. Simulation conditions and setup are described next.
A. Simulation Conditions
Simulations were carried out using FAST 29 with all 22 DOFs enabled using turbulent wind and irregular waves; turbine yaw DOF was locked since no active yaw control was implemented to account for change in wind direction. The simulations were set up in accordance with the IEC-61400-3 standard for offshore wind turbines.
30 Although this standard is written for offshore wind turbines with fixed foundations, it is used as a guideline for floating wind turbines. Specifically, the simulations were set up for dynamic load case (DLC) 1.2 for fatigue load evaluation. However, region transition logic is not yet implemented for the state space controllers and therefore we restrict our simulations in region 3. Table 2 lists all the simulation parameters that were used to obtain the results. Although not an extensive set of simulations, these are used to get indicative results for the DAC performance. Three wind speeds and three wave heights are used while three wave periods are used for each wave height. All the the wind and wave conditions have different random seed numbers. The wave conditions were chosen based on the same reference site used by Jonkman 15 located northeast of Scotland. For that site, at any wind speed there exists one wave height and a range of wave periods. The wave periods in Table 2 correspond to the minimum, average, and the maximum range of periods for that site that do not violate the assumptions of linear wave theory (used by FAST). According to the IEC-61400-3 standard, for the linear wave theory to be applied in deep water, Eq. 29 must be satisfied where H is the wave height, T is the wave period, and g is the acceleration due to gravity. 
The simulation results for the nine 600 seconds simulations are averaged for every wind speed as well as averaged overall and then compared to the selected reference controller. This method is used to look for any noticeable trends as the wind speed is increased. However, these are not shown here since only a few performance metrics showed some trends with increasing wind speed; more simulations per wind speed are required in addition to more variations in wind speeds are required to verify these trends. Instead, the overall averaged results across all wind speeds are presented next.
B. Results Compared to Offshore Baseline Controller
In this section we compare the overall averaged performance of the DAC when compared to the TLP Baseline controller (GSPI). Figure 6 shows eleven normalized key performance metrics. These metrics are normalized relative to the Baseline controller on the TLP; a value of less than 1 is desired meaning an improvement relative to the baseline controller. The performance metrics range from root mean square (RMS) of the power and speed regulation errors, RMS of blade pitch rate, RMS of platform velocities, and fatigue damage equivalent loads (DELs) of key turbine components.
The figure clearly shows that the DAC noticeably improves power regulation (44% reduction in power error) and significantly improves speed regulation by reducing the rotor speed error by 73%. This improvement is mainly due to the use of individual blade pitching and the wind disturbance minimization.
Blade pitch actuation has significantly increased due to individual blade pitching as well as more control objectives. This increase is not close to the saturation limit of the blades. Normally, an increase in blade actuation usually results in increased blade loads. However, for the TLP system the increase in blade actuation had no negative effect on blade flapwise and edgewise DELs. Tower fore-aft fatigue loads were reduced by an average of 13% due to a reduction in platform pitching. Tower side-side fatigue DEL were reduced by an average of 38%. This desirable reduction in side-side loading is due to the inclusion of tower side-side DOF as an explicit control objective. Coupled with the explicit control objective to reduce roll motion, the result is a reduction in the sideways loads induced on the wind turbine which reuced platform rolling and tower side-side loads.
Low speed shaft (LSS) fatigue DEL are similar to the baseline controller despite an increase in blade actuation. This is mainly due to the inclusion of the generator torque as an additional actuator for the DAC. If it was not included, then power regulation will be as good as speed regulation but shaft DEL will be higher. Therefore, the controller is sacrificing power regulation in favor of reducing shaft loads. As a result of including generator torque, its usage has decreased to reduce shaft loads.
Although not shown here for brevity, the performance of only the state regulation part of the DAC (i.e. a standard state space regulator) results in worse performance in terms of power and speed regulation as well as tower loads. Therefore, unlike the barge system, 16 the DAC is not dominated by the wave motion resulting in noticeable improvement in several performance metrics when compared to an individual blade pitch state space controller.
C. Results Compared to Onshore Baseline Controller
The results of the previous two controllers (Baseline and DAC) applied on the TLP concept are compared to the performance of an onshore wind turbine with a GSPI controller (Baseline onshore) to assess, relatively, the fatigue loads of the floating system. The performance metrics that correspond to platform motions are not included since the onshore system does not have these DOFs.
The results are presented in Fig. 7 where TLP Baseline refers to the performance of the Baseline controller on the floating TLP. It is worthy to note that the performance of the TLP Baseline controller relative to the onshore system is almost unity across most metrics with the exception of RMS power error, RMS blade pitch rate, and tower FA fatigue DEL. As a result of this unity, the performance of the DAC relative to the onshore system almost mirrors that of the offshore case in the previous section with the exception of the tower FA fatigue DEL.
The almost unity performance of the Baseline TLP demonstrates the effectiveness of the TLP concept. That is, because platform motions and rotations are kept small due to the mooring lines, turbine fatigue loads were of a comparable level to an onshore wind turbine with the same controller. However, the only exception to this is the tower FA loads. This is due to the wave interaction with the platform and the pitching motion. This pitching motion also affects the power and speed regulation as the turbine rocks in the pitch axis. Even with the 13% reduction in tower FA fatigue DEL of the DAC compared to the Baseline TLP, tower FA loads are still increased by 27% by going to a floating TLP concept from an onshore point of view. Further reductions are desirable to make the TLP concept more attractive for development and prototyping. Adding the tower FA DOF as an explicit control objective is expected to further reduce tower FA DEL.
VII. Conclusions
The tension leg platform (TLP) floating concept was simulated for fatigue loads evaluation according to the IEC61400-3 standard dynamic load case (DLC) 1.2; however, the simulations were only restricted to region 3. Simulation results for a gain scheduled PI (GSPI) controller (also referred to as the Baseline controller) applied on the TLP show that turbine fatigue damage equivalent loads (DELs) were of a comparable level to an onshore wind turbine with the same controller except for tower fore-aft (FA) fatigue DEL. This increase coupled with increased power and rotor speed regulation errors is due to the wave interaction with the platform inducing a pitching motion.
A disturbance accommodating controller (DAC) was implemented to reject wind speed perturbation in addition to regulating several turbine states to improve performance and maintain stability of the system. A limitation of DAC is present when applied on a nonlinear system such as the floating TLP system; blade pitch drift away from the linearization point. This was resolved by introducing a nonlinear operating point and limiting the DAC to only command periodic perturbations of the commanded blade pitch.
To deal with the periodic nature of the wind turbine system, multi-blade coordinate (MBC) transformation was used to transform the system states in the rotating frame of reference to a fixed/non-rotating frame of reference. The result is a time-invariant system described in the non-rotating coordinate system which then allows for time invariant control techniques to be applied.
The performance of the DAC show significant improvements in power and speed regulation. Tower FA and side-side fatigue DELs were reduced while other component loads (blades and shaft) were maintained to a similar level to that of the Baseline controller on the floating TLP system. This improvement is due to the use of individual blade pitch and wind disturbance rejection. However, tower FA DEL is still 27% higher than that of an onshore wind turbine.
